Planktonic larvae of the eastern oyster (Crassostrea virginica) are able to regulate their vertical 26 position in the water, but the environmental cues responsible for this regulation, particularly in 27 turbulent settings, remain unclear. We quantified swimming responses of late-stage oyster 28 larvae in a grid-stirred turbulence tank to determine how light affects the swimming behavior of 29 larvae over a range of hydrodynamic conditions similar to their natural coastal environments. 30 We used particle image velocimetry and larval tracking to isolate larval swimming from local 31 flow and to quantify three behavioral metrics: vertical swimming direction, proportion of larvae 32 diving, and proportion of larvae swimming helically. We compared these metrics across thresholds of light-induced behaviors, and to evaluate whether particular larval responses might 103 occur more commonly in day or night time conditions. We also investigate the potential utility 104 of light as a cue to enhance settlement success in larvae. Larval behavior is quantified by 105 observing the proportion of larvae: 1) swimming upward, 2) diving, and 3) swimming helically. 106 Larval vertical swimming is of interest because it provides a broad indicator for active 107 settlement. Diving is an active behavior that larvae may use for either settlement or predation 108 escape (e.g., Finelli and Wethey 2003, Wheeler et al. 2015), whereas helical swimming may be 109 used in exploration or feeding (e.g., Jonsson et al. 1991, Visser 2007).
maintain position in the water column, exhibiting negative gravitaxis and possibly positive 80 phototaxis (Hidu and Haskin 1978, Kennedy 1996) . Responses to light have been widely 81 reported in larvae of other marine groups such as gastropods (Bingham and Young 1993) , 82 crustaceans Cronin 1980, Wu et al. 1997) , and ascidians (Svane and Young 1989 , 83 Vazquez and Young 1998). Further, responses to light vary with ontogeny (Young and Chia 84 1982, Vazquez and Young 1998) . Oyster larvae may exhibit ontogenetic switching in 85 phototactic responses: while early stage larvae remain high in the water column, late-stage 86 pediveligers that are competent to settle into a benthic habitat could potentially display negative 87 phototaxis to move downward in the water column. It is unclear at present if light influences 88 settlement success and metamorphosis in larval oysters; confounding effects such as temperature 89 and turbidity may account for contradictory results in the literature (see Kennedy (1996) for 90 review). and dark regimes. Our study aims to quantify the swimming responses of oyster pediveligers to 100 light, and determine whether these responses vary over a range of turbulence conditions typical 101 of their natural coastal environment. This dual-factor approach allows us to explore turbulence within 2 days of larval acquisition, during which > 80% of the larvae were observed to have 126 eyespots (a common indicator of competency, Thompson et al. 1996) . The experiments were conducted in a grid-stirred turbulence tank (44.5 x 44.5 x 90 cm; 131 described in Wheeler et al. 2013) , filled with 3 μm-filtered seawater at ~20 °C, in a temperature-132 controlled chamber at 20 °C. The two horizontal grids, separated vertically by 45 cm, were 133 constructed of 1 x 1 cm acrylic bars spaced 5 cm apart. The grids were attached to a drive rod 134 that oscillated them vertically in phase with an amplitude of 5 cm at a specified frequency. 135 While grid-stirred turbulence lacks the strong vertical shear of the bottom boundary layer, it is a irradiance is characteristic of larval phototaxis studies (e.g., Forward and Cronin 1980, Bingham 141 and Young 1993, Fuchs and Dibacco 2011) although likely lower than would be experienced by 142 larvae in the field (Frouin et al. 2012) . 143 For each experimental trial, larvae were gently introduced into the tank at densities of 144 0.36-0.6 larvae mL -1 . The tank was then seeded with neutrally buoyant polystyrene particles 145 (3.0-3.4 μm diameter, Spherotech) to a density of ~ 4.2 x 10 4 particles mL -1 for flow 146 characterization by particle image velocimetry (PIV). A monochrome high-speed camera 147 (Photron Fastcam SA3, 1024 x 1024 pixel resolution), was focused on a ~ 3 x 3 cm field of view in the center of the tank, equidistant from the grids. Larval diameters were approximately 2 149 orders of magnitude smaller than the dimensions of the field of view, where individual larvae 150 were ~10 pixels wide. A near-infrared laser (Oxford Lasers, Firefly 300W, 1000Hz, 808 nm), 151 oriented perpendicularly to the camera, illuminated the field of view with a laser sheet unaffected 152 by the presence or absence of visible light. The e-folding depth of the laser sheet was 153 approximately 1mm and the detection depth of the sheet for clear imaging of the large, bright 154 larvae was approximately 2.5mm.
155
The larvae were subjected to either dark or light conditions under 5 turbulence levels, 156 ranging from unforced flow (ε = 0 cm 2 s -3 ) and low turbulence (ε = 0.002 cm 2 s -3 ) to conditions 157 similar to coastal estuarine zones (ε = 0.4 cm 2 s -3 ), with energy dissipation rates estimated as in 158 Wheeler et al. (2013) . After larvae and particles were introduced, the tank was permitted a 20-159 minute relaxation period, with the still water (unforced) treatment conducted after this period.
160
Video sequences, recorded at 60 frames per second, were collected for each turbulence level.
161
These video sequences ranged from 135 s total duration in the highest turbulence level to 225 s 162 duration in the lowest (where larval paths through the field of view were least frequent). In each 163 turbulence level, the record was broken into 45-s intervals, separated by 5 min, to allow the 164 camera to download the images.
165
Four replicate trials for the light and dark conditions, each with a separate batch of 166 larvae, were conducted by cycling through all 5 turbulence levels. The turbulence levels were 167 sequenced in a different order, in a Latin square configuration post-unforced flow, in each trial 168 (Table 1, Table S1 ) to reduce possible confounding temporal effects. Larvae were then tracked from frame to frame using a custom MATLAB script with a specified 178 maximum search radius in subsequent frames, and frame-to-frame instantaneous velocities were 179 thereby calculated. swimming, but we also incorporated unavoidable potential influences on larval behavior, 226 including larval age and time spent in the tank. Within each trial, we assume our estimates for 227 vertical swimming in each turbulence treatment were independent, as the total number of larvae 228 in the tank in each trial (~5 -10 x 10 4 ) was several orders of magnitude larger than the number 229 of trajectories observed (Table 1, Table S1 ). Further, the time delay between each video Here and error denote the mean and normally distributed error, respectively. The model terms 238 of primary interest consist of "light", denoting light versus dark tank conditions, and "turbulence for each light regime) which also unavoidably encompasses larval aging, due to the time required 241 to conduct the full experiment (approximately 12 hours). "Time", denotes the variable 242 controlling the turbulence treatment order (that is, each turbulence level occurred at a different 243 time within each trial, as the turbulence levels were reordered for each new trial).
244
The model for the unforced regime data was In this model, the turbulence and time factors are no longer applicable, but an additional factor 249 "video sequence", was added, which specifies the 45s segment in a full set of video sequences 250 within a turbulence level. This factor was only considered in the unforced model because higher 251 flow regimes used different numbers of video sequences in each turbulence level (Table 1 , Table   252 S1). The non-standardized number of video sequences was by design, in order to obtain a more 253 similar number of larval trajectories in each turbulence regime: fewer larval trajectories were 254 observed in lower turbulence treatments and hence more video sequences were taken. The proportion of diving larvae in turbulence was also analyzed using the turbulence 262 general linear model. The proportion of helically swimming larvae was tested using a modified analysis, as helical swimming was only identified in the unforced and lowest forcing regime.
264
This is due to the inherent challenge of identifying a multi-second behavioral pattern (a full 265 helical period) when larvae are rapidly advected through the field of view in more highly In both light and dark, larvae generally swam downward in the unforced flow regime, 285 upward in moderate turbulence, and displayed decreased upward swimming in high turbulence 286 (Fig. 2 ). This effect of turbulence was significant in the ANOVA (Table 2 ) and the post-hoc 287 tests (Table S2 ). In the turbulence regimes, light had no significant effect on upward swimming, 288 either by itself, or in interaction with time or turbulence level (Table 2) , which suggests that 289 larvae did not respond phototactically.
291
In the turbulent regimes, time (i.e., treatment order within a trial), and trial also had a 292 significant effect on upward swimming (Table 2) . Larvae exhibited decreased upward 293 swimming in turbulence levels occurring later in the treatment order, regardless of what these 294 turbulence levels happened to be (Table S3 ). This could be a consequence of a larval response to In the unforced flow regime, light had no effect on the proportion of upward swimmers 300 (Table 3) . In contrast to the turbulence regimes, trial had no significant effect on upward 301 swimming. Video sequence did have a significant effect but it was difficult to interpret. One 302 might reasonably expect video sequence number to act as a proxy for time spent in the tank. 303 However, in examining each trial, there was no robust temporal pattern in upward swimming 304 over the full range of video sequences, and the post-hoc comparison test showed no pairwise 305 significant difference between sequences (Table S4) . We observed 367 dives in total, predominantly in the unforced and low turbulence 310 regimes. The proportion of dives was distinctly and consistently higher in the light than dark 311 regime, across all turbulence levels ( Fig.3a ), but the effect was not statistically significant (Table   312 4). The difficulty in ascertaining a light response may be due to the low power of the test and a 313 significant variability among trials. The proportion of dives differed significantly between 314 turbulence levels (Table 4) , where the proportion of dives was highest in the lowest turbulence 315 treatment and decreased with increasing turbulence (Fig. 3a , Table S5 ). Further, trial had a 316 significant effect on diving (Table 4) , with the proportion of dives increasing in the later trials.
318
While light alone was a (borderline) non-significant factor for diving, it interestingly was 319 a significant effect in conjunction with time (Table 4 ). In the fourth (and last) turbulence 320 treatment administered within a trial, the proportion of diving larvae was higher in light than in 321 dark ( Fig. 3b , Table S6 ); that is, light became a significant effect at the end of the series of 322 turbulence treatments within a trial. Like with upward swimming, larvae appear to dive in 323 response to an aggregative turbulence cue; in contrast with upward swimming, it also requires a 324 light cue. Helical swimming was more common in light than dark treatments, but the difference 329 was non-significant ( Fig. 4a , Table 5 ). Turbulence negatively affected helical swimming, as a significantly smaller proportion of larvae swimming helically was observed in the low forcing 331 regime than in the unforced regime (Fig 4a, Table 5 ). Trial had no impact on helical swimming, 332 and the interactive effect of light and turbulence was also non-significant (Table 5 ). The While light did not impact the overall proportion of larvae swimming helically, it did 346 affect the mean helix speed, with borderline significance (Fig. 4b , Table 6 ). Turbulence did not 347 affect helix speed, nor did the interaction between turbulence and light (Table 6 ). Isolating and 348 testing the translational velocity (the vertical helical swimming velocity) yielded no effect of 349 light (Fig. 4c, Table 7 ), but a significant turbulence effect and interactive effect of light and 350 turbulence ( Fig. 4c, Table 7 ). Overall, helically swimming larvae swam faster in light than 351 darkness, and vertical translational helical velocity increased with turbulence (Table S7) . many predators of larval invertebrates use visual cues to detect their prey (Iwasa 1982) , and so 378 increasing predator-avoidance behaviors in light versus dark would be a useful survival strategy. 379 Indeed, oyster larvae dive more frequently when exposed to anomalously high local fluid 571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610 6 Tables 611 
